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 要  旨 
  2本のMcKibben型空気圧ゴム人工筋を配置した拮抗型人工筋は，軽量さや安全性を要する福
祉機器等の人が接する機器に用いられる．拮抗型人工筋を福祉機器などに利用する場合，人体へ
の安全性を保って制御する必要がある．しかし，拮抗型人工筋は，人工筋によるヒステリシスや
拮抗配置に由来する非線形性を有するため，拮抗型人工筋の制御は挑戦的課題とされる．拮抗型
人工筋の特性を的確に表す数理モデルが得られれば，モデルベース制御や，シミュレーションに
よる機器の事前検証等が可能になる．そこで本論文では, 拮抗型人工筋のハイブリッドモデルを
提案する．提案モデルは，人工筋の張力の圧力に対する線型性に着目して導出した静的張力モデ
ル，および，既存モデルに基づく制御弁・人工筋間の流体ダイナミクスモデル，実機実験から測
定したシーソーの物理特性を用いた回転運動モデル，人工筋内の摩擦およびシーソーが構造的に
受けるクーロン摩擦を表す切替えモデルで構成される．提案モデルの新規性は，人工筋の実観測
した特性に基づくモデル，および，人工筋内のクーロン摩擦とシーソーが構造的に受けるクーロ
ン摩擦を表現した点である．また，未知パラメータを導出する必要もあるため，まず，提案モデ
ルに含まれる試行錯誤的な導出が必要なパラメータを定常特性および過渡特性に支配的なものに
分類する．そして，パラメータを推定する手順を示す．最後に，パラメータの推定値を用いた提
案モデルに対し，内圧の定常応答および時間応答のシミュレーション結果および実験結果を比較
し，提案モデルの妥当性を検討する． 
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Fig. 1.1: Structure of PAM 6).
Fig. 1.2: McKibben pneumatic articial muscle (Kanda Tsushinkogyo: AirMuscle
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????????????????????????????????????
????????????????????????????????????
????????????
???????????????????????????????????
??????????????????????????????????? 7)?
????????????????????????????????????
????????????????????????????????????
??????????????????????????????????
????????????????????????????????????
??????????????????????????????????? 6)?
????????????????????????????????????
??????????????????????????????????? 8)?
????????????????????????????????????
?????????????????? 9)??????????????????
???????????? 10)???????????????????????
?????????????????Borzikova???????????????
????????????????? 11, 12)?Jouppila????????????
? 1? ???? 3
????????????????????????????? 13)?Sarosi???
?????????????????? 14) 15)?Hosovsky???????????
??? 16)??????Tothova????? 17)???????????????
???? 4? 13, 14, 15, 16)???????????? 100-600kPa?? FESTO??
MAS-20-200N??????????????????????????????
???????????????? 13, 14, 15, 16)???????????????
?????? 16)???????????????
?????????? 9)????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
???????????????????????????????? 13, 14, 15, 16)
????????????????????????????????????
??????????
1.3 ??????
?????????????????????????2 ?????????
????????????????????????????????2 ???
?????????????????????1????????? 2?????
?????????????????????????????????????
Borzikova???????????????????????????????
?? Simple Geometric Muscle Model(SGM) 18, 19)?Tothova?????????
????????????????????????Advanced Geometric Muscle
Model(AGM) 20, 21)?Hosovsky???Modied Hill's Muscle Model(MHM)???
???? 22)?????Modied Hill's muscle model(MHM)??????????
????????????????????????????????????
????????????????????Pitel????? 23)???????
??????? 18, 19, 20, 21, 22)???????????????????????
???AGM???????????????????AGM?????????
????????????????????????
?????????FESTO??MAS-20-200N??????????????
????????????????????????????????????
????????????????????????
? 1? ???? 4
pressure
tank
control
valve 2
control
valve 1
PAM1 PAM2
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Fig. 2.2: Block diagram of antagonistic PAM pairs system.
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Fig. 2.3: pressure and force (PAM length contracted).
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Table 2.1: Variables and Parameters of Antagonistic PAM pairs system
 : angle of seesaw [rad]
l1; l2 : length of PAM [m]
P1; P2 : absolute internal gas pressure [Pa]
V1; V2 : volume of PAM [m
3]
m1;m2 : mass ow rate in the valve [kg/s]
va
ri
a
b
le
s
rp : radius of shaft [m]
r : radius of seesaw [m]
L0 : contraction initial length of PAM [m]
D1; D2; D3 : coecients of polynominal [m, m
2, m3]
M : weight of seesaw [kg]
g : gravitational acceleration [m/s2]
Ptank : source absolute pressure [Pa]
Pout : atmospheric pressure [Pa]
k : specic heat ratio for air [{]
R : ideal gas constant [J/kgK]
T : absolute temperature [K]
J : moment of inertia of seesaw [kgm2]
ks : inertia of seesaw [Nm]
cs : viscous friction coecient [Nms]
a1; a2 : coecient of force [m]
b1; b2 : coecient of force [m
2]
Pp : coecient of force [Pa]
Fp : coecient of force [N]
p
ar
am
et
er
s
d
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m
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ed
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n
m
en
t
Tp : Coulomb friction coecient of PAM [N
2/m]
s : Coulomb friction coecient of shaft [{]
A0 : orice area of control valve [m
2]
k1; k2 : polytropic indexes [{]
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2.3.1 ??????????????
??????????????????? T 0p; s?????????????
?????????????????????????????????????
??????????????? P = f200; 300; 400; 500; 600; 700gkPa?????
P1; P2??????????????????????????????????
??????????????????
????????????? T 0p
???????????????????????????????? T 0p =
f1330; 5330; 10330g??????????????????????Fig. 2.7??
??
?????? s
???????????????????????????????? s =
f8:5e  06; 1:0e  02; 5:0e  04g??????????????????????
Fig. 2.8????
? 2? ?????????????????? 17
(a) pressure responses
T
p
     = 1330
T
p
     = 5330
T   
p
     = 10330
(b) dierences in responses
Fig. 2.7: Inuence of changing Tp on pressure response.
? 2? ?????????????????? 18
(a) pressure responses
¹
s
 = 8.5e-06
¹
s
 = 5.0e-04
¹
s
 = 1.0e-02
(b) dierences in responses
Fig. 2.8: Inuence of changing s on pressure response.
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2.3.2 ??????????????
???????????????????A0; k1; k2????????????
???????????????????????????????????
????????????A0
???????????????????????????????????
??????A0 = f0:047e  6; 0:147e  6; 0:019e  6g????????????
????????????????? Fig. 2.9????
???????? k1; k2
???????????????????? [k1; k2] = f[1:4; 1:4], [1:4; 1:0], [1:0; 1:0],
[1:0; 1:4]g?????????????????????????????Fig. 2.10
????
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Fig. 2.9: Inuence of changing the orice area in solenoid valve A0 on time response.
0 5 10 15 20 25 30 35
2
4
6
x 10
5
Time [s]
P
1
 [
P
a]
0 5 10 15 20 25 30 35
2
4
6
x 10
5
Time [s]
P
2
 [
P
a]
0 5 10 15 20 25 30 35
−10
0
10
Time [s]
Ã
 [
d
eg
]
k
1
=1.4, k
2
=1.4 k
1
=1.4, k
2
=1.0 k
1
=1.0, k
2
=1.0 k
1
=1.0, k
2
=1.4
Fig. 2.10: Inuence of changing k1 or k2 on time response.
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2.4 ??????????
????????????????????????????????????
?????????????????? 5??????????????????
???? Tf ????"I"???? 1?????????????"II"???? 1?
????????????"III"???? 1?????????????"IV"??
?? 1?????????????"V"???????????????????
????????????????????????????????????
???
 ?? I : ??? Ff
I1 :  
v
i > Z(Ts + Tp)
I2 :  
v
i  Z(Ts + Tp)
 ?? II : ??? 1?????????mi
II1 : P1(t)  Ptank

2
k + 1
 k
k 1
II2 : P1(t) > Ptank

2
k + 1
 k
k 1
 ?? III : ??? 1?????????mo
III1 : Pout  P1(t)

2
k + 1
 k
k 1
III2 : Pout > P1(t)

2
k + 1
 k
k 1
 ?? IV : ??? 2?????????mi
IV1 : P2(t)  Ptank

2
k + 1
 k
k 1
IV2 : P2(t) > Ptank

2
k + 1
 k
k 1
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 ??V : ??? 2?????????mo
V1 : Pout  P2(t)

2
k + 1
 k
k 1
V2 : Pout > P2(t)

2
k + 1
 k
k 1
X := fx 2 R4 j I1 ^ II2 ^ III3 ^ IV4 ^ V5 is true:g
?????? x??????????????? 1??????
?? II{V???????????????? k = 1:4????( 2
k+1
)
k
k 1 ; 0:5
??????????Ptank ; 700 kPa?Pout ; 100 kPa?????? II{V???
???
II1 : P1(t)  350 kPa
II2 : P1(t) > 350 kPa
IV1 : P2(t)  350 kPa
IV2 : P2(t) > 350 kPa
III1 : 200 kPa  P1(t)
III2 : 200 kPa > P1(t)
V1 : 200 kPa  P2(t)
V2 : 200 kPa > P2(t)
?????????? \ P1(t) > 350 kPa "?? \ 200 kPa > P1(t) "??????
? \ P2(t) > 350 kPa "?? \ 200 kPa > P2(t) "???????????????
(II2 ^ III2) > 0?(IV2 ^ V2) > 0???? P1; P2???????
???????????????????????????????????
?????????????????????X??????? f?????
?Table 2.2????
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Table 2.2: Correspondence of conditions X and modes f
conditions X modes f
X1 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV1 ^ V1 is true:g f1
X2 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV1 ^ V2 is true:g f2
X3 := fx 2 R4 j I1 ^ II1 ^ III1 ^ IV2 ^ V1 is true:g f3
X4 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV1 ^ V1 is true:g f4
X5 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV1 ^ V1 is true:g f5
X6 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV1 ^ V2 is true:g f6
X7 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV2 ^ V1 is true:g f7
X8 := fx 2 R4 j I1 ^ II2 ^ III1 ^ IV1 ^ V2 is true:g f8
X9 := fx 2 R4 j I1 ^ II1 ^ III2 ^ IV2 ^ V1 is true:g f9
X10 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV1 ^ V1 is true:g f10
X11 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV1 ^ V2 is true:g f11
X12 := fx 2 R4 j I2 ^ II1 ^ III1 ^ IV2 ^ V1 is true:g f12
X13 := fx 2 R4 j I2 ^ II1 ^ III2 ^ IV1 ^ V1 is true:g f13
X14 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV1 ^ V1 is true:g f14
X15 := fx 2 R4 j I2 ^ II1 ^ III2 ^ IV1 ^ V2 is true:g f15
X16 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV2 ^ V1 is true:g f16
X17 := fx 2 R4 j I2 ^ II2 ^ III1 ^ IV1 ^ V2 is true:g f17
X18 := fx 2 R4 j I2 ^ II1 ^ III2 ^ IV2 ^ V1 is true:g f18
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?3? ???????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????
3.1 ??????????
??????????????????? (0.5inch)????????????
??????????Fig. 3.1??????????????????Table. 3.1
?????????????????????????????????????
?????????????????????????????????? 1ms
????????????
air compressor
pressure
tank
load cell
PAM
pressure
sensor
 control 
valve
LDM
flow meter
Fig. 3.1: Experimental PAM system.
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Table 3.1: Experimental equipments of single pam
Name Specications
PAM AirMuscle, Kanda Tsushin Kogyo,
length: 200 mm (be given 2kgf mass),
diameter: 10 mm.
Solenoid valve MPYE-5-M5-010-B, FESTO,
5/3-way valve, critical frequency: 125 Hz.
Laser displacement meter (LDM) ZX-LD300L and ZX-LDA11-N, Omron,
optical resolution: 0.3 mm.
Pressure sensor E8MS-10, Omron,
range: 0{1 MPa.
Flow meter SAB-10U-WQ8-2SV-M12, FESTO,
range: 0:1{10 L/min.
Air compressor 6-25, JUN-AIR,
tank: 25 L, displacement: 60 L/min.
Pressure tank AST-25G, EARTH MAN,
tank: 25 L.
Control PC Vine Linux 5.0, RT-Preempt Patch,
CPU: 2.7 GHz,
memory: 4 GB, homebuilt.
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3.2 ?????????
???????????? a; b; Pp; Fp??????????????????
????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
????????? Fig. 3.2????o?????????????????
?????????????????????? Fig. 3.3????o? Fig. 3.2
????????????????????????????????????
?????????????????????
???????????????????????????????????
?????????????????? a1; b1; a2; b2????????????1
????????????????????????????????????
??????????????????????????????? a1; b1; a2; b2
????
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Fig. 3.2: pressure and force (PAM length contracted).
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Fig. 3.3: PAM length and a.
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3.3 ?????????????
??????????????????? (0.5inch)????????????
??????????Fig. 3.4??????????????????Table. 3.2
????
???????????????????????????????????
?????????????????????????????????????
???????????? 1ms????
(a) front (b) side
Fig. 3.4: Experimental antagonistic PAM pairs system.
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Table 3.2: Experimental equipments of angatonistic pam pairs
Name Specications
PAM1, PAM2 AirMuscle, Kanda Tsushin Kogyo,
length: 200 mm (be given 2 kgf mass),
diameter: 0.5 inch.
Solenoid valve1, MPYE-5-M5-010-B, FESTO,
Solenoid valve2 5/3-way valve, critical frequency: 125 Hz.
Torque sensor UTM II-10 Nm(R), UNIPULSE,
range: 10Nm
Rotary encoder UTM II-10 Nm(R), UNIPULSE,
incremental, resolution: 2000 P/R
Pressure sensor E8F2-B10C, Omron,
range: 0{1 MPa.
Air compressor 6-25, JUN-AIR,
tank: 25 L, displacement: 60 L/min.
Pressure tank AST-25G, EARTH MAN,
tank: 25 L.
Control PC Ubuntu12.04, Xenomai2.6.2.1 Patch,
CPU: 3.2 GHz,
memory: 8 GB, homebuilt.
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3.4 ???????????
??????????????????? J; cs; ks?????????????
????????????????????????
???????? ks??????????????????????????
?????????????????????Fig. 3.5????????????
ks sin ??? ks ??????????????????ks sin ' ks ???
???????????????????Table. 3.5????
??????? J???????????? cs??????????????
??????? (2.9)??????????????????????????
J  + cs _ + ks sin = 0
Table. 3.5?? ks sin ' ks ???????????????
J  + cs _ + ks = 0
??? ??????????????
 (t) = Ce t cos (t+ ) +  (3.1)
 =
cs
2J
;  =
r
ks
J
 
 cs
2J
2
????C; ; ; ; ???????J; cs???????????
J =
ks
2 + 2
; cs = 2
ks
2 + 2

 ???  ???????????????????Fig. 3.6???????
??????????????????0[deg]????????????????
?????????????????????????????????????
??????????????????????????????????Matlab
Curve-tting tool?????????????????????? (3.1)?????
??? ????
Table 3.3: RMSE between approximations and experimental data of restoring
torque of see-saw
ks RMSE[N] NRMSE[%]
ks sin( ) 0.04117 0.001233 0.029822
ks 0.03986 0.001267 0.030644
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Fig. 3.5: restoring torque and angle of see-saw.
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Fig. 3.6: time response of angle of see-saw.
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3.5 ?????????
????????? u?????? ????? (u)??????????
(2.13)???? ???????? P ???????????????????
? u????? P ????????
? (2.13)?????? ????? P ???? Fig. 3.7????
?????????????? u???????? P ?????????? u
????? P ???? Fig. 3.8?????????? 1?????? PAM1??
?????????? 2?????? PAM2?????????o??????
??????????????????????????
u = ()????????????????????????? P ? ???
? P = f()??????? u? P ???? u = g( P )???????u = g( P )
? P = f()????? u = ()?????????????????????
?????????????????????? ? u???? Fig. 3.9????
?????? 1??????? 2??????????????????????
??? ? u????????????????????? ? u???????
Fig. 3.9????????????? u???????????????????
???????????????????????? u? ?????????
?????
??? 1?????????? 1()???? 2?????????? 2()?
???????????????????Table. 3.4?????????????
????????????????Table. 3.4???????
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Fig. 3.7:  vs P on simulation result.
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Fig. 3.8: u vs P on experimental result.
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Fig. 3.9: Relationship between u and .
Table 3.4: u and P
x u1x[V] u2x[V] [-] P [kPa]
1 4.4739 4.5202 0.22186 200
2 4.5571 4.6066 0.26285 250
3 4.6290 4.6750 0.29969 300
4 4.7050 4.7391 0.33284 350
5 4.7587 4.7958 0.36409 400
6 4.8309 4.8533 0.39779 450
7 4.9530 4.9211 0.43629 500
8 5.1357 5.0156 0.48241 550
9 5.2467 5.1494 0.54240 600
10 5.3737 5.2994 0.64061 650
Table 3.5: RMSE and NRMSE of 1(u1), P1, 2(u2), P2
  1(u1) P1 2(u2) P2
RMSE 0.009847 9.4072e+03 0.01010 1.0071e+04
NRMSE 0.0194 0.0157 0.0179 0.0168
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3.6 ??????????????
????????????????????????????????????
????????????????
1.?????????? a; b; Pp; Fp?????
2.????????? J; cs; ks?????
3.???????????? 1,2??????
4.???????????????????????????????? a1; b1,
a2; b2, T
0
p; Ts??????
5.???????????????????????????????A01; A02,
k1; k2??????
?????????????????????????????????????
?????????????????????? Tp??? Ts?????????
???????Table. 3.6????
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Table 3.6: Parameters for Antagonistic PAM pairs system
rp [m] 0.006
r [m] 0.0365
L0 [m] 0:165
D1 [m
3]  2:4439 10 3
D2 [m
3] 6:8239 10 3
D3 [m
3] 4:2539 10 4
J [kgm2] 4.602e 04
cs [Ns/m] 9.070e 04
ks [kgm
2] 4.117e 02
M [kg] 0:310
Ptank [Pa] 0:701 106
Pout [Pa] 0:101 106
k [{] 1:40
R [J/kgK] 287
T [K] 293
d
ir
ec
tr
y
m
ea
su
ra
b
le
p
ar
am
et
er
s
a1 [m] 7.300e 03
b1 [m
2]  1.040e 03
a2 [m] 7.427e 03
b2 [m
2]  1.052e 03
Pp [Pa]  2.654e+04
Fp [N]  36.78
s [1/N
2] 1.440e 4
Tp [1/N
2] 4600
A01 [m
2] 0.0689e 6
A02 [m
2] 0.0648e 6
k1 [{] 1.4
k2 [{] 1.0
fo
r
tr
an
si
en
t
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3.7 ????????
???????????????????????????????????
????????????????????????????????????
??????????????????????
3.7.1 ???????
????????????????????????????????????
???????????????????? u1; u2?Table. 3.4????????
?????????????????????????????????????
??P1; P2????????????????????????????Fig. 3.10
???????????????????o?????????????????
??????????????????????????? Fig. 3.11?????
????????????????????????????????????
??????RMSE? 0.3738 [deg]?NRMSE? 1.008 [%]??????????
???
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Fig. 3.10: Validation result of pressure and angle.
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Fig. 3.11: Error of pressure and angle.(RMSE: 0.3738)
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3.7.2 ???????
????????????????????????????????????
?????????????????????????????????Fig. 3.12{
3.18????????????????? 1??????? 2?????????
?????????????????????????????????????
????????????????????????
Case 1 : u =
(
U1 if 0 < t < 5; 35 < t
U2 otherwise:
Case 2 : u =
8><>:
U1 if 0 < t < 5
U1 +
"
A1 sin 2f(t  5)
A2 sin 2f(t  5)
#
otherwise:
????U1 2 R2???U2 2 R2????????Table. 3.4???????Case
1????????????????????????????Table. 3.7????
????????????? (Table. 3.7)???RMSE? 20 kPa???????
Table. 3.5??????????RMSE? 10 kPa??????????????
????? 10 kPa????????????????????????????
????????? (Table. 3.7)???RMSE? 2.0 deg???????????
??? 0.180 deg????? RMSE 0.3738 deg???????????????
????????????? 0 deg?????????????????????
????????????????????????????? (Fig. 3.15{3.18)
??????????????????????????
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Fig. 3.12: Time response of pressures and angle(Case 1, U1 = [u11; u21]; U2 =
[u13; u23]).
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Fig. 3.13: Time response of pressures and angle(Case 1, U1 = [u19; u29]; U2 =
[u17; u27]).
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Fig. 3.14: Time response of pressures and angle(Case 1, U1 = [u15; u25]; U2 =
[u12; u28]).
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Fig. 3.15: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:4; A2 =  0:4; f = 0:02).
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Fig. 3.16: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:4; A2 = 0; f = 0:02).
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Fig. 3.17: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:5; A2 =  0:5; f = 0:05).
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Fig. 3.18: Time response of pressures and angle(Case 2, U1 = [u15; u25]; A1 =
0:5; A2 = 0; f = 0:05).
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Table 3.7: RMSE of P1; P2;  (Case 1)
U1 U2 RMSE of P1 [Pa] RMSE of P2 [Pa] RMSE of  [deg]
[u11; u21] [u13; u23] 1.2152e+04 1.0551e+04 0.50647
[u11; u21] [u15; u25] 1.3127e+04 1.4754e+04 0.58779
[u11; u21] [u17; u27] 1.0147e+04 1.3786e+04 0.71916
[u11; u21] [u19; u29] 1.1139e+04 1.5159e+04 0.71593
[u15; u25] [u13; u23] 1.0479e+04 1.1950e+04 0.94332
[u15; u25] [u17; u27] 8.8695e+03 1.2748e+04 0.81150
[u15; u25] [u19; u29] 1.5848e+04 1.5357e+04 0.88474
[u19; u29] [u13; u23] 7.7831e+03 1.0995e+04 1.32800
[u19; u29] [u17; u27] 9.0546e+03 8.4562e+03 1.09773
[u11; u21] [u11; u23] 1.5217e+04 1.2146e+04 1.06900
[u11; u21] [u11; u25] 1.6023e+04 1.8428e+04 1.41653
[u11; u21] [u11; u27] 1.5640e+04 1.8830e+04 1.63147
[u11; u21] [u11; u29] 1.7702e+04 2.3034e+04 1.93934
[u15; u25] [u14; u26] 9.7470e+03 1.2603e+04 0.71423
[u15; u25] [u12; u28] 1.4242e+04 1.4346e+04 0.70402
[u15; u25] [u11; u29] 1.6445e+04 1.2221e+04 0.75427
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